Air quality, ecosystem exposure to nitrogen deposition, and climate change are intimately coupled problems: we assess changes in the global atmospheric environment between 2000 and 2030 using 26 state-of-the-art global atmospheric chemistry models and three different emissions scenarios. The first (CLE) scenario reflects implementation of current air quality legislation around the world, while the second (MFR) represents a more optimistic case in which all currently feasible technologies are applied to achieve maximum emission reductions. We contrast these scenarios with the more pessimistic IPCC SRES A2 scenario. Ensemble simulations for the year 2000 are consistent among models and show a reasonable agreement with surface ozone, wet deposition, and NO 2 satellite observations. Large parts of the world are currently exposed to high ozone concentrations and high deposition of nitrogen to ecosystems. By 2030, global surface ozone is calculated to increase globally by 1.5 ( 1.2 ppb (CLE) and 4.3 ( 2.2 ppb (A2), using the ensemble mean model results and associated (1 σ standard deviations. Only the progressive MFR scenario will reduce ozone, by -2.3 ( 1.1 ppb. Climate change is expected to modify surface ozone by -0.8 ( 0.6 ppb, with larger decreases over sea than over land. Radiative forcing by ozone increases by 63 ( 15 and 155 ( 37 mW m -2 for CLE and A2, respectively, and decreases by -45 ( 15 mW m -2 for MFR. We compute that at present 10.1% of the global natural terrestrial ecosystems are exposed to nitrogen deposition above a critical load of 1 g N m -2 yr -1 . These percentages increase by 2030 to 15.8% (CLE), 10.5% (MFR), and 25% (A2). This study shows the importance of enforcing current worldwide air quality legislation and the major benefits of going further. Nonattainment of these air quality policy objectives, such as expressed by the SRES-A2 scenario, would further degrade the global atmospheric environment.
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Introduction
Emissions of reactive trace gases, generated in the burning of fossil-and biofuels and volatilized from agricultural processes, cause a number of environmental problems. Ozone (O3) forms from the photochemical oxidation of methane (CH4), carbon monoxide (CO), and volatile organic components (NMVOC) in the presence of nitrogen oxides (NOx)NO+NO2). O3 is an important greenhouse gas and is also toxic to humans, animals, and plants. The IPCC Third Assessment Report (1) recognized that conventional air pollutant emissions affect climate directly (through O3 and aerosol production) and indirectly through their influence on the CH4 lifetime. An evaluation of the high-emissions IPCC SRES A2 emissions scenario showed global mean surface O3 increases of about 5 ppb by 2030 and 20 ppb by 2100 (2) . Enhanced emissions of sulfur dioxide (SO2), NOx, and ammonia (NH3) lead to increased long-range transport and deposition of nitrogen and sulfur, damaging eutrophication and acidification of ecosystems and loss of biodiversity (3, 4) .
In this work we evaluate the effect of changing emissions and climate on ozone air quality, radiative forcing, and nitrogen deposition to ecosystems for the year 2030. We use a recently developed set of emission scenarios (5) for CH4, NOx, NH3, CO, SO2, and NMVOC, which differ substantially from the previous SRES scenarios (6) . In the past few years increasing air pollution in developing countries has become a public concern ((5) and references therein). Consequently, many of the major rapidly developing countries in Asia and Latin America have issued legislation requiring emission controls. Upon implementation, these regulations will significantly cap the air pollution emissions at the regional and global scales. This is the basis of our CLE (Current LEgislation) scenario. Further, we evaluate the effects of the emissions of a MFR (maximum technologically feasible reduction) scenario and contrast it with the pessimistic SRES A2 scenario. These emission scenarios were used internationally, by 26 established global atmospheric chemistry-transport models (CTMs) driven by analyzed meteorological fields or general circulation models (GCMs). Although some models share subcomponents, the ensemble of model results is sufficiently broad to estimate uncertainties resulting from the various assumptions in the models. The models performed baseline (year 2000) and 2030 scenarios, all using a fixed meteorology relevant for the year 2000; a subset of models repeated the 2030 CLE scenario but with a changed climate. In this paper we give an integrative overview of the findings; other publications (7-10) present more detailed results from this large model exercise.
Methods
Up to five simulations were performed by each model (Table  1) : B2000 evaluated the reference year 2000, while CLE, MFR, and A2 assessed the year 2030. We show in the Supporting Information the importance of emission controls in the CLE and MFR scenario as compared to SRES A2. To avoid excessive equilibration times of CH4 we prescribed global CH4 volume mixing ratios, using consistent values from earlier transient simulations for 1990-2030 described in refs 5 and 11. GCMs performed 5-10 years of simulations, using a climate appropriate for the time period 1995-2004. To evaluate the impacts of climate change, an additional simulation (CLE2030c) was computed by 10 of the GCM-driven models, using a climate appropriate for 2030. Most modelers applied the IS92a climate scenario associated with a global mean surface warming of about 0.7 K between 2000 and 2030. In the Supporting Information we present the 26 participating models, including characteristics of their resolution, chemistry and transport parametrizations, and key publications. Compared to earlier IPCC modeling exercises (2, 12) twice as many models participated in this study; model complexity (inclusion of NMVOC chemistry) and resolutions have increased: half of the models had horizontal resolutions of 2°-3°or better, and most of the other models had resolutions around 4°-5°. In the following discussion we focus on the unweighted ensemble mean of the model results, expressing the variability of the results as the (1 σ standard deviation. We note that the (1 σ interval should be interpreted as a lower bound for model uncertainty, which contains additional unquantified processes. In general, we found relatively small (<10%) differences between mean and median model results.
Results
Surface Ozone. In Figure 1a -d we display the ensemble mean annual average surface O3 for B2000 and O3 differences for CLE, MFR, and A2 in 2030. Figure 1a shows that calculated annual average ensemble mean surface O3 ranges from 40 to 50 ppb over large parts of North America, Southern Europe, and Asia. Background values are 15-25 ppb in large parts of the Southern Hemisphere (SH). Average surface mixing ratios are 33.7 ( 3.8 ppb and 23.7 ( 3.7 ppb (Table 2) , for the Northern Hemisphere (NH) and SH, respectively. In Figure  1a we also give averaged measurements for the year 2000. Our analysis reveals that our mean model results are within 5 ppb of the measurements in the United States, China, and Central Europe and may overestimate the measured annual average by 10-15 ppb in Africa, India, and the Mediterranean. The reason for this overestimate is not clear but may be related to overestimates of NOx or NMVOC emissions in these regions. Also, the regional representativeness of the sparse measurements may be poor, and measurement precision may also play a role. These issues are currently under further investigation.
The CLE scenario ( Figure 1b , Table 2 ) would approximately stabilize O3 in 2030 at 2000 levels in parts of North America, Europe, and Asia. However, O3 may increase by more than 10 ppb in areas anticipated to experience large emission increases in the transport and power generation sectors (e.g. India). Background O3 increases by 2-4 ppb in the tropical and mid-latitude NH related to worldwide changes in CH4, NOx, CO, and NMVOC emissions. The increases are most consistently predicted in Asia, whereas the ensemble predictions have large standard deviations in North and South America, Southern Africa, and the Middle East. A cleaner future is possible, if all currently available technologies are used to abate O3 precursor emissions. In this MFR case ( Figure 1c ; Table 2 ) O3 decreases by 5-10 ppb in the most polluted regions. The models are consistent in their prediction of surface ozone reductions with relative standard deviations of 30-40%. Finally, consistent with previous studies (2) , in the A2 scenario (Figure 1d ), annual average surface O3 increases by 4 ppb worldwide and by 5-15 ppb in Latin America, Africa, and Asia.
How is climate change expected to influence these O3 changes? The average results from 10 models for the CLE2030c scenario shown in Figure 1e indicate that climate change may reduce surface O3 by 1-2 ppb over the oceans and by 0.5-1 ppb over the continents, although some regions, such as the Eastern United States, may experience increases. Climate-driven increases in temperature and water vapor tend to decrease surface O3 in the cleanest regions but tend to increase O3 in more polluted areas. A larger influx of stratospheric O3 into the troposphere leads to a general increase of free tropospheric O3. Note that many feedbacks, e.g. from natural emission changes, were generally not included in the models. We further note the large variability in the calculated climate impacts [ Table 2 ]. What is the effect on ozone air quality? Several regulatory O3 air quality limits, with threshold values of 60-80 ppb, are currently employed in Europe, the United States, and Japan. On the basis of epidemiological studies of O3 related health effects (13), the World Health Organization (WHO) recommends use of the SOMO35 air quality index (ppb days), which is defined as the daily maximum of an 8-h running average ozone volume mixing ratio (M8hO3, in ppb) after subtracting a 35 ppb "background" level:
In contrast to other air quality indices, SOMO35 considers O 3 toxicity to have a lower threshold and is more suited to 
assess the effect of large scale changes of ozone background concentrations calculated with global models. Note that SOMO35 is also rather similar to the widely used metric, AOT40, which evaluates the accumulated exposure of vegetation to ozone levels above 40 ppb. Figure 2a -c gives SOMO35 for B2000, CLE, and MFR, and in Table 2 we give a regional analysis of SOMO35. No limit values have been established for SOMO35, but a threshold of ∼3000 ppb days is consistent with air quality limits currently in use in North America and Europe (8) . According to our model calculations this threshold (yellow and red colors) is exceeded in large parts of the world in the year 2000, most notably in the United States, the Middle East, and South Asia. In the CLE scenario this situation is aggravated especially in South Asia due to a large growth of emissions from the transport sector. Our model results indicate that the more polluting SRES A2 scenario would compromise attainment of any existing air quality standard in most industrialized parts of the world by 2030. Only the MFR scenario predicts that ozone in all regions will be at or below the current air quality standards. The large scale regional and annual averaged ozone and SOMO35 are highly correlated (r)0.99).
Radiative Forcing from Tropospheric Ozone. In Table 2 the global tropospheric ozone column increases by 1.7 ( 0.5 and 4.3 ( 1.2 DU for CLE and A2 and decreases by -1.4 ( 0.4 DU for MFR. Climate change (CLE2030c-CLE2030) leaves global tropospheric ozone relatively unaffected with a change of -0.2 ( 0.6 DU. The impact of emission reductions and increases is relatively uniform for MFR and A2, whereas the CLE scenario amplifies the regional contrast in the ozone columns and hence possible climate impacts. We find global radiative forcings increments of 63 ( 15 and 155 ( 37 mW m -2 for CLE and A2, respectively, and reductions of -45 ( 17 mW m -2 for MFR (10) . Increases in forcings can be as high as 300 mW m -2 in Asia. We calculate that the sum of the O3 and CH4 radiative forcings, in the CLE and A2 simulations, contributes 23% and 29%, respectively, to the forcings of CO2 alone, whereas MFR would imply a small decrease of 5% (10) .
Nitrogen Deposition. It is currently thought that 1000 mg N m -2 yr -1 is a threshold ("critical nitrogen load"), above which changes in sensitive natural ecosystems may occur (4, 14) . So far most studies have focused on the effects of NOy deposition (15) , since it is intimately associated with O3 formation. In Figure 3a we give the calculated NOy deposition (NOy ) NO + NO2 + NO3 + 2N2O5 + HNO3 + particulate inorganic NO3 and organic nitrates) in the year 2000, showing that NOy deposition alone leads to an exceedance of this threshold in parts of the Northeast United States, Europe, and China. NHx deposition, related to emissions from animal and food production systems, may double the deposition from NOy. In 2000 the deposition of total reactive nitrogen (dNOy+NHx) exceeds 2000 mg Nm -2 yr -1 in extended parts of the world, including biodiversity hotspots (Figure 3b ). To date, the consequences for biodiversity and ecosystem health have only been studied for temperate regions, but it has been suggested that increased nitrogen deposition will play an important future role in the decrease of plant diversity worldwide (16) . A comparison of the corresponding calculated wet deposition fluxes with measurements in the United States, Europe, Southeast Asia, Africa, and South America yields agreement within a factor of 2 for 70-80% of the measurement stations. Exceptions are Asia, where the models strongly underestimate NOy deposition by up to 60%, and South America, where almost no measurement data were found. In 2030, considering the CLE scenario NOy deposition decreases in Europe by 30-50% (not shown), is near-constant in North America, and strongly increases in Asia by 30-100%. NHx deposition increases almost everywhere by 50-100%, except in Europe. Our clean MFR scenario (Figure 3c ), which was evaluated only for NOy, considerably improves this situation, with NOy deposition almost everywhere below 500 mg N m -2 yr -1
. In contrast, the A2 scenario in the year 2030 leads to extended regions exposed to NOy deposition larger than 1000 mg N m -2 yr -1
. The CLE and A2 scenarios project further increases in nitrogen critical loads, with particularly large impacts in Asia where nitrogen emissions and deposition are forecast to increase by a factor of 1.4 (CLE) to 2 (A2). We calculate (7) that at present 10% of the natural terrestrial ecosystems receive nitrogen inputs above 1000 mg N m -2 yr -1 . These percentages increase by 2030 to 16% (CLE), 11% (MFR), and 25% (A2). We note that we did not determine maximum feasible emissions reductions for NH3; instead we used in scenario S3-MFR the CLE NH3 emissions.
Comparison with Satellite Observations of NO2 Columns. Recent satellite observations allow us to evaluate nitrogen pollution on near global scales. For the year 2000, the GOME instrument aboard the ERS-2 satellite provides a unique opportunity to compare model calculated NO2 columns with measurements. We sample model NO2 columns at the satellite overpass time (10:30 LT). Daily tropospheric NO2 column densities were calculated by 17 different models; uncertainties in the retrievals are quantified by using three different retrieval algorithms (9). Modeled data represent an average of 17 models, and the GOME retrieval is an average of three retrieval products. For a consistent comparison, the data in both cases have been smoothed to a horizontal resolution of 5°× 5°.
Low tropospheric NO2 columns of <1 × 10 15 molec cm -2 are calculated and observed by GOME in marine regions. Over the continents, three regions of dominant NO2 pollution are found in North America, Western Europe, and China, coinciding with the regions of high emissions. These regions are also indicated in the model ensemble mean, but the averaged model maxima of 6-8 × 10 15 molec cm -2 underestimates the GOME observed values, which exceed 10 × 10 15 molec cm -2 . The discrepancy between models and measurements is particularly pronounced over the rapidly developing parts of Eastern China and South Africa, indicating that the assumed NOx emissions may be unrealistically low in these regions. In regions dominated by biomass burning, such as in Africa and South America, the models tend to overestimate the observed seasonal cycle.
We note that the discrepancy in the NO2 column in e.g. North America and Europe does not seem consistent with the general agreement in NO3 wet deposition. In the rapidly developing parts of China and Southern Africa, the modelsatellite discrepancy indicates an underestimate of NOx emissions, consistent with underestimates of N-deposition, but not corroborated by similar discrepancies in surface ozone. One important finding, however, is that the differences of the GOME retrievals are in many instances as large as the spread in model results, meaning that in only a few cases (i.e. in China) robust statements on underprediction of NOx emissions can be made.
The Present and Future Atmospheric Environment. Our study evaluates how different scenarios of pollutant emissions influence present and future surface ozone air quality, climate forcing, and nitrogen deposition. Surface based and satellite observations confirm our assessment of the present-day pollution. We show that by 2030 the present worldwide legislation on air pollutant emissions is not sufficient to stabilize or reduce the current problems related to ozone and eutrophication. Moreover we note that the current lack of experience with the introduction of air pollution policies in developing countries, which may delay the actual implementation of such legislation. The SRES A2 scenario, associated with strong increases in surface ozone, radiative forcing, and deposition, offers one depiction of a world where air pollution policies are not attained. Only the introduction of stringent NOx, CO, NMVOC, and CH4 abatement technologies (MFR) prevents additional climate forcing by O3 and may bring surface O3 and eutrophication of ecosystems to more acceptable levels. Our MFR scenario, however, was constructed without considering the implementation costs of these technical measures. Further integrated analysis of the costs and benefits of reducing NH3, NOx, CO, NMVOC, and CH4 emissions (5, 17, 18) in the context of climate and air pollution policies is needed to guarantee a cleaner atmospheric environment for the next generation.
